A Gram-stain-positive, non-motile, butyrate-producing coccus was cultured from the distal ileum of swine. This organism was isolated on rumen-fluid medium, consumes acetate, and produces butyrate as its major end product when grown on mono-and di-saccharides. A phylogenetic analysis based on near full-length 16S rRNA gene sequences as well as wholegenome phylogenies suggests that this isolate is most closely related to species in the genus Butyricicoccus, with Butyricicoccus pullicaecorum being the closest named relative (93.5 % 16S similarity). The G+C content of this isolate is 54 mol %, and the major cellular fatty acids are C 18 : 0 DMA, C 14 : 0 , C 18 : 1 !9c and C 16 : 0 . These data indicate that this isolate represents a novel species within the genus Butyricicoccus, for which the name Butyricicoccus porcorum sp. nov. is proposed. The type strain of Butyricicoccus porcorum is BB10
The family Ruminococcaceae harbours many important intestinal commensal organisms, though study of this family has lagged behind other bacterial families such as the Lachnospiraceae (based on the number of public genome assemblies, 188 versus 427, respectively). Members of the Ruminococcaceae family participate in a diverse array of functions, and many of its species are butyrate producers. Butyrate is a compound excreted by bacteria as they ferment dietary fibre in the large intestine, and is necessary for maintaining intestinal homeostasis and resistance to certain enteric pathogens [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . As a result, having cultured representatives of butyrate-producing bacteria is important to study their interactions with the host, diet, and pathogens. The genus Butyricicoccus is phylogenetically located within the family Ruminococcaceae, and several members of this genus have been described: Butyricicoccus pullicaecorum, Butyricicoccus faecalihominis and Butyricicoccus desmolans [11] [12] [13] [14] [15] [16] [17] [18] . However, many putative members have been detected (based on 16S rRNA gene sequencing) and many remain uncharacterized. One study has shown that members of this genus are mucosa-associated and are reduced in patients with ulcerative colitis [19] . Members of this phylogenetic group, such as B. pullicaecorum, can have beneficial impacts on the host, including a reduction in the severity of 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis [20] and, more recently, some beneficial outcomes for poultry in a model of necrotic enteritis [21] . Several Butyricicoccus strains have been isolated from the swine intestinal tract, although they are all unique isolates based on 16S rRNA gene sequence identity and phylogenetic placement [14, 18] . Here we describe strain BB10
T and suggest that it is a novel species of the genus Butyricicoccus, and the name Butyricicoccus porcorum sp. nov. is proposed.
This description of strain BB10
T will help clarify the taxonomy of the clade containing the described members of the genus Butyricicoccus, as some conflicts currently exist. For example, two research groups have each suggested a different taxonomic fate for the species Eubacterium desmolans. Takada et al. have suggested that E. desmolans be grouped with the existing genus Butyricicoccus along with their novel isolate B. faecalihominis KS-2 [13] . In contrast, Ahn et al. have suggested that E. desmolans be incorporated into a new proposed genus Agathobaculum along with their isolate Agathobaculum butyriciproducens SR79 [12] . These two strains (B. faecalihominis KS-2 and A. butyriciproducens SR79) appear to be members of the same species as their 16S genes are 99 % identical; however, the genome sequence of neither strain is publicly available, impeding additional comparisons. This conflict, in addition to several uncharacterized strains from this phylogenetic clade, show that a comprehensive comparison of all similar species will be needed to clarify the taxonomic boundaries.
Strain BB10
T was isolated from a 3-month-old pig fed a standard corn-based diet without recent exposure to antibiotics. All manipulations were performed in a Coy anaerobic chamber (86 % N2, 10 % CO2, 4 % H2). At necropsy, mucosal scrapings were collected, homogenized in sterile anaerobic phosphate buffered saline, and serially diluted. Dilutions of the homogenates were plated on rumen-fluid agar medium, and the recipe for this medium is as follows. Rumen-fluid medium: 5 g tryptone peptone; 2.5 g yeast extract; 1 ml resazurin (0.1 % w/vol); 40 ml salt solution 1 (per litre: 6 g K 2 HPO 4 ); 40 ml salt solution 2 (per litre: 6 g KH 2 PO 4 ; 12 g (NH 4 ) 2 SO 4 ; 12 g NaCl; 1.2 g MgSO 4 Á7H 2 O; 1.2 g CaClÁ6H 2 O); 1 ml haemin solution (0.5 g haemin into 10 ml 1M NaOH. Bring up to 100 ml in dH 2 O. Stored at 4 C); 1 ml vitamin K working stock (0.02 ml vitamin K into 2 ml 95 % ethanol. Stored in dark at 4 C); 0.5 g cysteine HCl; 10 g glucose; 300 ml clarified rumen fluid; dH 2 O up to 1 l.
Plates were incubated anaerobically at 39 C for 2 days, colonies were then picked and restreaked for purity. Isolates with unique morphologies were subjected to colony PCR and 16S rRNA gene sequencing with the primers 8F and 1492R [22] . Analysis of the sequences using the Ribosomal Database Project's online tools [23] revealed strain BB10
T as a novel bacterial species. We routinely grew BB10
T in media using resazurin as a redox indicator, any media that was pink was unable to support growth. For long-term storage of BB10
T cells, glycerol freezer stocks were found to be most parsimonious. Briefly, liquid medium was inoculated and cells allowed to grow for 24-48 h. Ensuring the cells were evenly distributed throughout the culture, we added 500 µl to 1.8 ml screw-top cryovials, then added 500 µl media containing 20 % glycerol. Cryovials were sealed in the anaerobic chamber and then frozen at À80 C.
A medium was designed to test utilization of different carbohydrates and amino acids, and all subsequent characterizations were carried out in this medium either with or without acetate; a recipe for this medium follows. BB10 T characterization medium: 5 g tryptone peptone; 2.5 g yeast extract; 1 ml resazurin (0.1 % w/vol); 40 ml salt solution 1; 40 ml salt solution; 1 ml haemin solution; 1 ml vitamin K working stock; 0.5 g cysteine HCl; 4.5 g sodium acetate; dH 2 O up to 1 l. Substrates to be tested were added to this medium at 1 % w/vol. Optical densities at 600 nm were measured using a BioReaderC plate reader in an anaerobic chamber. Additionally, we measured volatile fatty acid production by chromatography analysis under various growth conditions as described previously [24] . Strain BB10
T was unable to use complex carbohydrates and only showed robust growth (OD 600 >0.7) on mono-or di-saccharides. Butyrate, CO 2 and H 2 were produced and acetate was consumed when grown on glucose, fructose, galactose, sucrose, maltose or lactose. Moderate growth was observed on myoinositol (OD 600 >0.5). Weak growth (OD 600 <0.4) was observed when grown on raffinose. No growth (OD 600 <0.1) was detected when grown on trehalose, mannitol, mannose, glycerol, melezitose, sorbitol, rhamnose, N-acetylglucosamine, N-acetylgalactosamine, arabinose, cellobiose, fucose, xylose, inulin, pectin, potato starch or mucin. In addition, strain BB10
T was unable to use any free amino acids as a carbon source. These results suggest that strain BB10 T requires simple carbohydrates and lacks the ability to metabolize complex substrates in isolation.
To determine the pH and temperature ranges tolerated by strain BB10 T , cells were grown in BB10
T characterization media with 1 % glucose at several different pH and temperatures. Strain BB10
T grew optimally at pH 6.0. Growth was slowed at pH 5.0 and no growth was observed at or below pH 4.5. Growth at pH 6.5 and 7.0 was only slightly slower than at pH 6.0 but growth at pH 7.5 was significantly stalled, with further lag as pH increased, and little to no growth above pH 8.5. Strain BB10
T grew optimally well at temperatures of 37-40 C. Slowed growth was observed with decreasing temperatures and no growth in 72 h was observed below 25 C. Conversely growth was attenuated at temperatures above 42 C and no growth was observed at temperatures above 50 C. These results suggest that optimal growth conditions for BB10
T are those found in the distal regions of the intestinal tract.
The API20A diagnostic kit (bioM erieux) was used to supplement the initial biochemical characterization of this strain. Test strips were inoculated according to manufacturer's instructions with the provided media and additionally with the provided media supplemented with acetate (33 mM) to ensure robust growth. After 48 h of growth, test strips were read. According to these tests, BB10
T is ureasepositive, and produces acid from glucose, lactose, sucrose and maltose. Cells do not produce indole, do not hydrolyse gelatin or aesculin, are catalase-negative, and do not produce acid from mannitol, salicin, xylose, arabinose, glycerol, cellobiose, mannose, melezitose, raffinose, sorbitol, rhamnose or trehalose. A comparison of substrate utilization and other biochemical properties (Table 1) suggests that strain BB10
T is not a member of any currently existing species within the genus Butyricicoccus.
Phase-contrast microscopy revealed that cells of BB10
T cultured in rumen-fluid medium were non-motile, and no flagella were observed. Cells of BB10 T were prepared for transmission electron microscopy from stationary phase cultures (48 h), and were negatively stained with osmium and then visualized under a Tecnai 12 G 2 Biotwin microscope for measurements. Cells of BB10 T were cocci approximately 1.5 µm in diameter, and occurred singly, in pairs and in tetrads during the stationary phase (Fig. S1a , available in the online version of this article). During the exponential phase the cells appeared as irregular agglomerations of larger spherical protrusions (Fig.  S1b) . Cells showed an affinity to clump together as if they were bound by an extracellular matrix. In liquid culture, cells of BB10
T clumped together in a mucoid mat (Fig. S2) . TEM micrographs revealed a capsule surrounding the cell wall (Fig.  S3 ).
Fatty acid methyl ester (FAME) profiles were obtained from Microbial ID after 48 h of growth in YCFAG media (described in [13] ) to enable comparisons to previous work. Major cellular fatty acids (>10 %) were C 18 : 0 DMA, C 14 : 0 , C 18 : 1 !9c and C 16 : 0 . Comparing FAME profiles from described members of this genus shows that BB10
T 's FAME profile includes much more C 14 : 0 and C 16 : 0 than other members, and that C 18 : 0 DMA is a major component of all described members of this genus (Table S1 ). These data suggest that BB10
T is a novel species within the genus Butyricicoccus.
To determine if BB10
T forms spores, several sporulation tests were performed. Cells were grown in rumen-fluid medium, YCFAG and BB10
T characterization medium for 48, 96, and 168 h. Cells were then exposed to aerobic conditions or 70 % ethanol for 4 h after which they were washed in PBS and plated on their respective growth media. Additionally, we included plates with added bile salts to induce spore germination as in [25] . No growth was observed on any of these plates, which we interpreted as the lack of sporulation. However, it is possible that our culture conditions lacked the signals required to induce sporulation or germination, as many sporulation genes were detected in the genome as described in a subsequent section.
BB10
T 's draft genome sequence was previously published in Trachsel et al. [26] ; it has a total length of 2.8 Mb in 29 contigs with a N50 of 275 kb. Digital DNA-DNA hybridization (dDDH) [27] was performed using the web service available at http://ggdc.dsmz.de/ggdc.php on all available genomes assigned to the genus Butyricicoccus. As most of the genomes are drafts, the results reported derive from the 'formula 2' method of this service, which is the formula recommended for draft genome comparisons. The average dDDH value for all comparisons was 21.3 %, the minimum dDDH value was 20 % with comparison to Butyricicoccus species K4410.MGS-46, and the maximum dDDH value was 22.6 % with comparison to Butyricicoccus desmolans ATCC 43058 T (Table S2 ). These results suggest that BB10
T is not a member of any existing species within the genus Butyricicoccus.
All available genomes for members of the putative Butyricicoccus clade of the Ruminococcaceae family were uploaded to RAST [28] for annotation, metabolic prediction, and comparison with BB10 T . BB10
T contained many genes that putatively encode exopolysaccharide biosynthesis and modification of the capsule with sialic acid. Homologues of the genes espB, espC, espD, espE and lytR were found in the same genomic region, and all are known to enable exopolysaccharide biosynthesis in other organisms. The arrangement of these genes most closely matched those in Clostridium thermocellum, which is known to produce exopolysaccharides [29] . This supports our observation of an apparent extracellular capsule (Fig. S3 ) and of mucoid aggregates in liquid culture (Fig. S2) . The ability to secrete exopolysaccharides has important implications for host health in another well-known member of the Ruminococcaceae, Faecalibacterium prauznitzii. Rossi et al. demonstrated that a strain of F. prauznitzii secreted an exopolysaccharide matrix and attenuated dextran sodium sulphate (DSS)-induced colitis better than a strain that did not produce exopolysaccharides [30] . All of the other members of the putative Butyricicoccus clade lacked the 'exopolysaccharide biosynthesis SEED subsystem' as determined by RAST. Genomic predictions were shared by several putative Butyricicoccus members. All were predicted to be butyrate producers. In accordance with our previous genomic investigation (referred to as isolate BB10 T in [26] ), the complete butyrate synthesis pathway was present in B. porcorum and was predicted to terminate with the but gene. The genome also revealed the absence of the ability to degrade complex polysaccharides, which is in agreement with the culture-based assay results. Indeed, most of the cultured and genome-sequenced representatives of this clade lack the ability to degrade complex substrates. For example, Takada et al. [13] reported that strain B. faecihominis was isolated from a mucin-enrichment culture, yet this bacterium lacks the genes required to degrade the complex mucin molecule on its own. The authors suggest that B. faecihominis grows on the degradation products from other mucus-degrading bacteria. Additional examples are the uncultured putative Butyricicoccus members that encode relatively few carbohydrate transporters and no glycoside hydrolases; these organisms were described as 'Clostridial 
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On: Fri, 05 Jul 2019 14:53:13 scavengers' [31] . In contrast to BB10
T , E. desmolans, and B. faecihominis, some putative Butyricicoccus species, including both A. butyriciproducens and B. pullicaecorum, were reported to hydrolyse at least some complex carbohydrates (starch) [11, 12] .
Not all genomic-based predictions were supported by our phenotypic observations. Many genes in BB10
T were annotated as encoding spore formation, but sporulation was not observed in the growth conditions tested. Similarly, the genomes of all members of this clade contained many genes annotated as encoding spore formation, yet no described isolates of this clade have been observed to form spores. All available genomes putatively assigned as Butyricicoccus contain the genes dpaA and dpaB, which encode for the synthesis of dipicolinic acid (DPA), a DNA protectant in Gram-stain-positive spores. Additionally, these genomes all encoded the stage III sporulation proteins (SpoIII): AA, AB, AC, AD, AE, AG and AH. However, they all lacked the AF gene. These genes have been shown to be required for sporulation in Bacillus subtilis [32] .
G+C content was calculated from genome sequences using a BioPython script [33] , or taken from previous publications when available (Table S3 ). The average G+C content of this clade is 54.7 mol%, the minimum is 52.9 mol% (A. butyriciproducens), the maximum is 56.9 mol% (Butyricicoccus species. 2789STDY5834927), with a standard deviation of 1.129 mol% considering all currently available data.
The genetic relatedness of strain BB10
T to known bacterial species was evaluated by phylogenetic analysis. Near fulllength 16S rRNA gene sequences from defined members of the family Ruminococcaceae were downloaded from Genbank [12, 13, 34] , and those classified as Butyricicoccus were downloaded from RDP rather than NCBI because the NCBI taxonomy grouped several putative Butyricicoccus species in the genus Eubacterium [23] . Publicly available genome sequences for organisms closely related to members of the genus Butyricicoccus were downloaded, including several uncultured or unclassified putative Butyricicoccus members [25, 31] . When appropriate, the 16S rRNA gene sequences were extracted with RNAmmer [35] . All 16S rRNA gene sequences were aligned to the SILVA reference alignment [36] using mothur [37] , and then a maximum-likelihood tree was generated with RAxML including bootstrap support values (Fig. 1) [38] . Strain BB10
T clustered with members of the genus Butyricicoccus, and this clade was separate from the other clades within the Ruminococcaceae family. This analysis suggested that strain BB10
T 's closest cultured relative is an unnamed bacterial species isolated from the intestinal tract of a pig in Denmark, Clostridales bacterium DJF-B152 [18] . A genome-based phylogenetic analysis on the previously mentioned publically available genomes was conducted in PhyloPhlan [39] to confirm the 16S rRNA gene sequence-based phylogeny. The genome-based phylogeny was congruent with the 16S rRNA gene sequence phylogeny, supporting the assignment of strain BB10
T to the Butyricicoccus genus within the family Ruminococcaceae (Fig. S4 ).
All cultured putative members of this clade have been isolated from the intestinal tracts of animals (Table S3) faeces on complex polysaccharides [14] . Eekhaut et al. have isolated members of this clade from the intestinal tracts of chickens [17, 34] , and several studies have isolated members of this clade from human faeces [12, 13, 16, 25] . Full-length 16S rRNA gene sequences nearly identical (99.7 %) to that of BB10 T have been detected in the faeces of pigs in Japan [40] and Canada [41] . Finally, in our recent functional gene-based study on the butyrate-producing community in the swine proximal colon, we identified many partial butyrate transferase-encoding (but) gene sequences that were 100 % identical to BB10
T 's but gene, suggesting the presence of bacteria very similar to BB10
T in the colons of these pigs [26] . Taken together, these data suggest that BB10
T is a characteristic member of the intestinal microbiota of swine, and that members of this phylogenetic clade are typical members of the intestinal microbiota of many different animal species.
DESCRIPTION OF BUTYRICICOCCUS PORCORUM SP. NOV.
Butyricicoccus porcorum (por.co¢rum. L. masc. gen. pl. n. porcorum of/from pigs).
Cells are obligately anaerobic, non-motile, coccus-shaped and Gram-stain-positive. Cells ferment simple mono-and disaccharides glucose, sucrose, lactose and maltose. Products of fermentation are butyrate, H 2 , and CO 2 , dependent on consumption of acetate. Robust growth is obtained in rumen-fluid medium, the defined medium supplemented with acetate, and YCFAG. Appreciable growth occurs between 30 and 45 C and between pH 4 and 8. Optimal growth occurs at 39 C and pH 6.0. After 2 days of growth on YCFAG agar, colonies are white to off white,~2 mm in diameter, convex and smooth. In a stationary liquid culture this strain aggregates into a mucoid mat. This strain is urease-positive, catalase-negative and does not produce indole. The main cellular fatty acids are C 18 : 0 DMA, C 14 : 0 , C 18 : 1 !9c and C 16 : 0 . This strain is an inhabitant of the swine intestine.
The type strain, BB10
T (ATCC TSD-102 T , DSM 104997 T ), was isolated from the distal ileum of a pig in Ames, Iowa, USA. The DNA G+C content of the type strain is 55 mol%
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